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ABSTRACT
We study the origin of non-thermal emissions from the Galactic black hole
X-raybinaryCygnusX–1which is a confirmedhighmassmicroquasar. Byanal-
ogy with those methods used in studies of active galactic nuclei, we propose
a two-dimensional, time-dependent radiation model from the microquasar
Cygnus X–1. In this model, the evolution equation for relativistic electrons in
a conical jet are numerically solved by including escape, adiabatic and various
radiative losses. The radiative processes involved are synchrotron emission,
its self-Compton scattering, and inverse Compton scatterings of an accretion
disk and its surrounding stellar companion. This model also includes an elec-
tromagnetic cascade process of an anisotropic γ-γ interaction. We study the
spectral properties of electron evolution and its emission spectral characteris-
tic at different heights of the emission region located in the jet. We find that
radio data from Cygnus X–1 are reproduced by the synchrotron emission, the
Fermi LATmeasurements by the synchrotron emission and Comptonization of
photons of the stellar companion, the TeV band emission fluxes by the Comp-
tonization of the stellar photons. Our results show that: (1) Radio emission
region extends from the binary system scales to the termination of the jet. (2)
The GeV band emissions should originate from the distance close to the binary
system scales. (3) The TeV band emissions could be inside the binary system,
and these emissions could be probed by the upcoming CTA telescope. (4) The
MeV tail emissions, which produces a strongly linearly polarized signal, are
emitted inside the binary system. The location of the emissions is very close to
the inner region of the jet.
Subject headings: radiation mechanism: non-thermal - gamma rays: general - X-ray:
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binaries - stars: individual: Cygnus X–1
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1. INTRODUCTION
Cygnus X–1 is a Galactic black hole X-ray binary which is composed of a black hole
and a high mass stellar companion. According to the properties of radio jets, it was
classified as the microquasar (Mirabel & Rodrı´guez 1999) and has been confirmed. The
studies of the spectral behavior at the X-ray bands reveal that Cygnus X–1 exhibits three
typically spectral states. The soft state is characterized by a relatively bright spectrum,
a strongly thermal radiation characteristic and a steep power-law tail, which can be
modeled by the multi-temperature blackbody radiation of a standard thin accretion disk
(Shakura & Sunyaev 1973) in the soft-X-ray band. Cygnus X–1 spends most of the time
in the hard spectral state whose spectral energy distribution is described by a power law
plus a exponential cutoff at about 150 keV. The intermediate state usually associates
with the state transition of the above two states, and is a combination of both states
(Remillard & McClintock 2006; Belloni 2010).
In the hard spectral state, the broadband observations (radio to γ-ray bands)
have been analyzed and collected in the literature (Zdziarski et al. 2012, 2014b).
Radio observations from the microquasar Cygnus X–1 support the presence of the
persistent, relativistic jets. At present, the existence of leptons in jets are generally
approved, but a little evidence on hadron components has only been provided (SS
433: Migliari, Fender & Me´ndez 2002; 4U 1630C47: Dı´az Trigo et al. 2013, see also
Neilsen et al. 2014 for a disputation). The theoretical studies on jets involve hadronic
and/or leptonic contents. In the hadronic model, protons in jets are accelerated to very
high energy to produce γ-ray photons (e.g.,Romero et al. 2003; Romero & Vila 2008;
Zhang & Feng 2011) and neutrinos (e.g., Zhang et al. 2010) by the proton-proton and/or
proton-photon collisions. In the leptonic model, the electrons accelerated in jets can
emit the multiwavelength radiation by synchrotron and inverse Compton scattering
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processes (Bosch-Ramon, Romero & Paredes 2006; Pe’er & Casella 2009; Zdziarski et al.
2012; Malyshev, Zdziarski & Chernyakova 2013; Zdziarski et al. 2014a). Recently, more
comprehensive comments regarding theoretical and observational progresses have been
done in this field (e.g., Bosch-Ramon & Khangulyan 2008; Dubus 2013; Bednarek 2013).
In the framework of leptonic models, by employing numerical methods and
assuming a steady state electron distribution, Bosch-Ramon, Romero & Paredes (2006)
carried out a comprehensive study on spectral energy distributions produced in jets of
microquasars. Based on this work, the anisotropic inverse Compton scattering effects
have been considered in Zhang, Zhang & Fang (2009). Recently, a series of works based
on analytical and numerical methods are performed in the black hole X-ray binaries (e.g.,
Zdziarski et al. 2012; Malyshev, Zdziarski & Chernyakova 2013; Zdziarski et al. 2014a;
Zdziarski et al. 2014b). In this paper, by analogy with those methods used in extragalactic
blazar objects (Moderski, Sikora & Błaz˙ejowski 2003), we propose a two-dimensional,
time-dependent radiation model from the microquasar Cygnus X–1 by solving the
kinetic equation for relativistic electron. The spectral properties of evolution electrons are
studied by including the escape, adiabatic and various radiative coolings. The spectral
distribution of photons, being produced at different locations of emission region in a jet,
are presented. Furthermore, this model also includes electromagnetic cascade processes,
and emission of pairs are calculated. To constrain a possible region of emissions in which
what band radiation is produced, we carry out several fittings about Cygnus X–1 ranging
from radio to high energy bands. According to these multiwavelength fittings, we can
explore radiation mechanism of broadband emissions and limit their emission regions in
the jet.
The structure of the paper is as follows. In the next section, we present the basic
properties of the radiation model from Cygnus X–1; numerical results are given in
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Section 3; in Section 4, we give the spectral energy distributions by confronting with
multiwavelength observations; section 5 contains the conclusion and discussions.
2. Model Description
In this section, we present a radiation model from the microquasar Cygnus
X–1 and numerical methods used in this work. We use a classical geometry of the
microquasar in which dipolar jets are launched from the inner part of an accretion disk,
perpendicularly to its orbital plane. In Figure 1, we present schematic diagrams of
geometrical structure (left panel) and of numerical procedure (right panel) for Cygnus
X–1. Our numerical methods are similar to those of the extragalactic blazar object by
Moderski, Sikora & Błaz˙ejowski (2003). As will be seen, many significant modifications
have been performed in order to match the scenarios in Cygnus X–1. For the convenience
of the reader, we also present main radiation mechanism. Regarding relevant details,
interested readers are referred to Aharonian & Atoyan (1981), Chiaberge & Ghisellini
(1999), Moderski, Sikora & Błaz˙ejowski (2003) and Moderski et al. (2005).
2.1. Electron Evolution Process
Based on an assumption that energy densities of magnetic field and of external
radiation field are homogenous across an emission region, and a consideration regarding
a possible escape process of the accelerated electron, we regard the evolution equation
for relativistic electron along the jets as
∂Nγ(γ, z)
∂z
= − ∂
∂γ
[
Nγ(γ, z)
dγ
dz
]
+
Q
cβΓΓ
− cβΓΓNγ(γ, z)
z
. (1)
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Fig. 1.— Left panel: main components of the microquasar Cygnus X–1. Right panel: a
schematic description of numerical calculation processes from an emission zone in the
jet, indicating related geometrical parameters. The half-opening angle ϕj is divided into
various angle-intervals with each thick δΩj that contains δNγ electrons. The symmetry
axis of the jet make an angle ϕobs with the line of sight. The numerical calculations are
carried out in the emission zone by summation over θ contribution.
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The last term on the right-hand side of Equation (1) is the escape loss rate of the accelerated
electron. Where Γ is the bulk Lorentz factor of the jet matter with βΓ =
√
Γ2 − 1/Γ. γ is the
electron Lorentz factor and c is the speed of light. The energy change of the relativistic
electron along the jet is given as
dγ
dz
=
1
cβΓΓ
(
dγ
dt′
)
rad
− 2
3
γ
z
, (2)
where dt
′
is the proper time. The second term of the right-hand side of Equation (2)
stands for the adiabatic loss due to a two-dimensional expansion of the jet matter. The
total radiative loss rate of an electron
(
dγ
dt′
)
rad
=
(
dγ
dt′
)
Syn
+
(
dγ
dt′
)
SSC
+
(
dγ
dt′
)
EXT
(3)
is to be discussed later in detail. In Equation (1), Q is called injection function and is
a characteristic for energy distributions of the accelerated electron. In this work, we
assume that it follows a power-law distribution
Q(γ) = Kγ−p, (4)
where p is the power-law index of the accelerated electron; K is the normalization
constant which can be determined by
Lrel = K
∫ γmax
γmin
γ−pγdγ. (5)
Where γmax and γmin are maximum and minimum energies of the relativistic electron,
respectively. Here, we consider γmin as a free parameter. In Equation (5), Lrel = qrelLjet is a
fraction of power in the form of the relativistic electrons, in which Ljet = qjetLacc is fixed
to be proportional to the accretion power Lacc = M˙accc
2. Here, qjet and qrel are model free
parameters, and M˙acc is the mass accretion rate.
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2.2. Synchrotron Emission
The energy loss rate of an electron for synchrotron process is(
dγ
dt′
)
Syn
= − 4cσT
3mec2
u′Bγ
2 , (6)
where σT, me are the Thomson cross section and rest mass of an electron, respectively.
u′B =
B′2
8π
is the energy density of magnetic field. Quantities measured in the jet frame are
primed throughout the paper. According to conservation of magnetic flux in a jet, we
have the the magnetic field strength of B′ = B
′
0(
z0
z
) along the jet, where B
′
0 is the magnetic
field strength at the height of z0 and is a free parameter in this work.
Concerning the integration procedure shown in Figure 1, this work is very similar to
that of Figure 1 in Moderski, Sikora & Błaz˙ejowski (2003) for a two-dimensional scenario.
An emission region is enclosed within the half-opening angle ϕj of the jet, corresponding
to a solid angle Ωj, which is divided into multiple angle-intervals with each thick
of δΩj that contains δNγ electrons. Different than Moderski, Sikora & Błaz˙ejowski
(2003) that is a one-zone model, the current model is flexible and can extend from an
acceleration and emission region to anther extended emission region along the jet. The
emissivity of synchrotron radiation in solid angle δΩj for a given electron distribution is
(Crusius & Schlicheiser 1986)
δJ′ν′(z) =
√
3e3
4πmec2
B′(z)
∫ γmax
γmin
∫
Ω
δNγ(z)FSyn(ν
′/ν′c)sinαdγdΩ . (7)
where α is the pitch angle of magnetic field line. The electron number in each solid
angle is δNγ = Nγ(δΩj/Ωj) and FSyn(ν′/ν′c) = FSyn(x) = x
∫ ∞
x
K5/3(y)dy, in which K5/3 is
the Bessel function of the second kind. The characteristic frequency ν′c is expressed as
ν′c = 3eB
′(z)γ2sinα/4πmec. The synchrotron absorption coefficient in solid angle δΩj is
determined by
δK′ν′(z) = −
√
3e3
4πmec2
c2
2mec2ν
′2B
′(z)
∫ γmax
γmin
∫
Ω
d
dγ
(
δNγ(z)
γ2
)
γ2FSyn(ν
′/ν′c)sinαdγdΩ. (8)
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The luminosity of synchrotron emission per frequency in solid angle δΩj is written as
δL′Syn,ν′(z) =
δJ′ν′(z)
δK′ν′(z)
[1 − exp(−τself)] , (9)
where τself is the optical depth of synchrotron self absorption, which is determined by
Equation (8).
The energy density of synchrotron photons in solid angle δΩj being produced at each
height z of the emitting region can be approximated as (Moderski, Sikora & Błaz˙ejowski
2003
du′Syn ≃
1
2cz2δΩj
∫
δL′Syn,ν′(z)dν
′ . (10)
The total energy density of synchrotron emission at a certain height of the jet is the sum
of itself and other distances before it, which is given by
u′Syn(z) =
∫ z
z0
(
z0
z
)2
du′Syn . (11)
2.3. Inverse Compton Scattering
Below, we are to depict that relativistic electrons Compton-upscatter seed photons in
the Klein-Nishina regime. In the current scenario, three different seed photon fields are
involved: synchrotron radiation field in a jet, a photon field of the stellar companion and a
photon field of the accretion disk. The photon field of synchrotron radiation is considered
as an anisotropic distribution in the jet. Moreover, due to the fact that the microquasar
Cygnus X–1 has a particular geometry effect, the soft seed photons from the stellar
companion and accretion disk are also strongly anisotropic. Thus we take into account an
angle-dependent cross-section in the Klein-Nishina regime (Aharonian & Atoyan 1981;
Moderski et al. 2005).
The energy loss rate of relativistic electron due to the synchrotron self-Compton
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(SSC) process and external inverse Compton process is written as(
dγ
dt′
)
i
= − 4cσT
3mec2
γ2
∫
fKN(b)εiu
′
idεi, (12)
where the subscript i (=Syn/SSC, star and disk) stands for the components from
synchrotron emission, companion star and accretion disk, respectively. εi = hν′i/mec
2 is
the energy of a seed photon. The dimensionless function fKN(b) is fKN(b) = 9g(b)/b3 with
b = 4γεi, The factor g(b) is expressed by
g(b) = (
1
2
b + 6 +
6
b
)ln(1 + b) − (11
12
b3 + 6b2 + 9b + 4)
1
(1 + b)2
− 2 + 2Li2(−b), (13)
where Li2 is the dilogarithm.
The emissivity of Compton scattering of directed photon beams on isotropically
distributed electrons in solid angle δΩj is given by
δL′i,ν′ =
3cσT
16π
hν′
mec2
∫ ∫
u′
i
ε2
i
δNγ(z)
γ2
f (γ, ν′, εi, θ)dεidγ, (14)
where εi = ε′/(2(1 − cosθ)γ2[1 − ε′/γ]), ε′ = hν′/mec2, and
f (γ, ν′, εi, θ) = 1 +
̟2
2(1 −̟) −
2̟
b˜(1 − ̟) +
2̟2
b˜2(1 − ̟)2 , (15)
where b˜ = 2(1 − cosθ)εiγ and ̟ = ε′/γ.
The energy density of synchrotron emission field is given in Equation (11). The
energy density of the star and disk will be expressed as follows. The energy density of
radiation field of the companion star is
u′star ≃
Γ2
c
∫
Iν′,star(1 − βΓ cosθin)2dΩ, (16)
where θin is the angle between the motion direction of the jet matter located at a
three-dimensional element δΩj and the trajectory of an incoming photon. Iν′ is the
intensity of the companion photon field that is expressed as
Iν′ =
Lstar
4πR2star
fν′(Tstar), (17)
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where Lstar and Rstar are the luminosity and radius of the companion star, respectively.
The normalized Planck function is given as
fν′(Tstar) =
2πhν′3
σSBc2T4star
1
exp( hν
′
kTstar
) − 1 , (18)
where Tstar is the temperature of the companion star, and σSB is the Stefan-Boltzmann
constant.
The spectra of an accretion disk in the low-hard states of black hole X-ray binaries
is quite involved (see also Zhang & Xie 2013). It can be assumed that a standard thin
accretion disk is truncated at a certain radius to an optically thin, geometrically thick
accretion disk. To obtain properties of radiation field of the accretion disk, we use
approximated expressions from Equations (1) - (4) of Zdziarski, Malzac & Bednarek
(2009), which is updated by using renewed fitting parameters (Zdziarski et al. 2014b).
The energy densities of radiation field of the accretion disk is
u′disk =
9d2EFin(E)
4R2
in
c
+
9d2EFout(E)
4R2outc
, (19)
where d is the orbital radius of the system. Rout = 10
11 cm is the outermost truncation
radius of the disk and Rh = 10
8 cm is the radius of the inner X-ray emitting source. The
intensity of photons of the disk is given by
Fdisk(E) = Fin(E) + Fout(E) =
KX(
Eb
1 keV
)−α exp(− E
Ec
)
( E
Eb
)−2 + ( E
Eb
)α
+
Kd(
Eout
1 keV
)
1
3 exp(− E
Eb
)
( E
Eout
)−2 + ( E
Eout
)−
1
3
, (20)
where KX = 1.1 cm−2 s−1, Eb = 0.4 keV, Ec = 140 keV, α = 0.44, Eout = (
Rout
Rh
)−
3
4 Eb. Kd
can be obtained from the condition that the inner and outer components intersect
at Ei = 1.1 keV. Concerning relevant details, interested readers are referred to
Zdziarski, Malzac & Bednarek (2009) and Zdziarski et al. (2014a)
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2.4. Observed Spectra
The monochromatic luminosity produced at a given height that is a superposition of
radiation emitted at each three-dimensional element, and is given as
LIIνobs(z) =
∑ ∂δLνobs(z, θ)
∂Ωobs
= D3
∑ ∂δLν′(z, θ′)
∂Ω′
obs
, (21)
where
νobs = ν
′
D; z = z0 +
(z − z0)
1 − βΓ cosθ ; cosθ =
cosθ
′
+ βΓ
1 + βΓ cosθ
′ ; (22)
and the Doppler factor depends on the bulk Lorentz factor of the jet Γ and the viewing
angle θ. As for an approaching jet, we have
D = Γ(1 + βΓ cosθ
′
) =
1
Γ(1 − βΓ cosθ) . (23)
In the case of the X-ray binary Cygnus X–1, the dominated radiation field of the
stellar companion provides a suitable target for an absorption of high energy photons.
Therefore, we also involve electromagnetic cascade processes due to γ-γ interactions.
Regarding the calculation of optical depth, some literature on X-ray binaries can be
found (Bo¨ttcher & Dermer 2005; Dubus 2006; Cerutti et al. 2011). Following these
investigations, we consider an anisotropic absorption process of the photon fields of the
companion star. Because of emission region away from the central black hole, we find
that there are the same results via taking the finite size (Dubus 2006) or the point-like
source approximation (Bo¨ttcher & Dermer 2005) of the stellar companion into account.
After considering absorption processes of γ-γ interactions, we have the attenuation of the
production luminosity
LIνobs(z) = L
II
νobs
exp[−τ(z)], (24)
where τ(z) is the optical depth of γ-γ interactions. The spectrum of pairs produced in γ-γ
interaction processes is given as
LIν,pairs(z) = L
II
νobs
{1 − exp[−τ(z)]}. (25)
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These pairs will excite electromagnetic cascade to produce high energy photons. The
total output luminosity from the whole emission region located in a jet can be obtained
by summing LIνobs(z) from z0 to z, that is
Lνobs =
∑
LIνobs(z), (26)
where z is the height of the jet from the central black hole, z0 corresponds to the onset of
the emission region.
2.5. Numerical Methods
Equation (1) of electron evolution is solved with the implicit difference scheme based
on themethodsused inChiaberge & Ghisellini (1999) andModerski, Sikora & Błaz˙ejowski
(2003). The uniformly spaced logarithmic energy grid, with intervals △γi = γi+ 12 − γi− 12 , is
set as
γi = γmin(
γmax
γmin
)
i−1
m−1 ; (i = 0, ...,m). (27)
Adopting a definition of N
j
i
= Nγ(γi, j∆r), the evolution Equation (1) can be differenced
as linear equations
U
j
i
= AiN
j+1
i−1 + BiN
j+1
i
+ CiN
j+1
i+1
, (28)
where the coefficients are
Ai = 0; Bi = 1 + (
dγ
dz
)i− 12
∆z
∆γi
+
∆z
zmax − z0 ; Ci = −(
dγ
dz
)i+ 12
∆z
∆γi
. (29)
The non-homogeneous term is expressed as
U
j
i
= N
j
i
+
∆z
cβΓΓ
Q
j
i
. (30)
We solve numerically Equation (28) by employing a tridiagonal routine code
(Press et al. 2007). At different heights of the jet, this equation is solved iteratively.
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Initially, the energy density of synchrotron emission is set to be u′
Syn
= 0 and the electron
distribution is calculated using this initial value. Subsequently, this electron distribution
is used to calculate synchrotron emission density. The new value of synchrotron emission
density is used to recalculate the electron distribution. This process is repeated until
convergence. Furthermore, we use the Gauss integral method to carry out numerical
calculations, which can efficiently speed up calculation processes.
3. Numerical Results
Cygnus X–1 is a confirmed high mass microquasar at a distance of D = 1.86 kpc
(Reid et al. 2011), with an orbital period of P ≃ 5.6 days. We use the following updated
parameters of this system following Zio´łkowski (2014). The mass of central black-hole is
MBH ≃ 16 M⊙, where M⊙ is the solar mass. The radius of the companion star is Rstar ≃ 19
R⊙, where R⊙ is the solar radius, and its effective temperature is Tstar ≃ 2.8 × 104 K.
The average orbital radius of this binary is d ≃ 3.2 × 1012 cm, and the inclination of the
normal to the orbital plane with respect to the line of sight is ϕobs = 29◦. Furthermore, we
adopt the bulk Lorentz factor of the jet of Γ = 1.25 (e.g. Zdziarski et al. 2014b), and the
half-opening angle of the jet of ϕj = 1◦ (Stirling et al. 2001; Zdziarski et al. 2014b).
3.1. Electron Maximum Energy
The maximum energy of electron is determined by the balance of the cooling rates
(including synchrotron emission loss, inverse Compton scattering losses for star and disk,
and adiabatic loss) and acceleration rate. For a standard first order Fermi acceleration
– 16 –
Fig. 2.—Acceleration and cooling rates at the height of the jet z = 1.0×1011 cm (panel a) and
5.0×1012 cm (panel b), calculated for the model parameters η = 0.005 and B′0 = 1.0×102 G.
Point of intersection of the thick and thin solid lines corresponds to the maximum energy
of relativistic electrons.
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Fig. 3.— Time evolution of spectra of relativistic electrons. The explored evolution
zone is the case that the electron injection starts at z0 = 1.0 × 1011 cm, and ends at
zinmax = 5.0 × 1012 cm (for panels a–c) and 1.0 × 1013 cm (for panel d). Panels (a) and
(d) include all radiative losses mentioned in this work. Panel (b) involves synchrotron
and its Comptonization and panel (c) only involves external inverse Compton processes.
The adopted parameters are B
′
0 = 1.0 × 102 G, γmin = 1, η = 0.005, p = 1.5 and qrel = 0.01.
Electron spectral distributions are plotted for various explored scenarios in a logarithmic
step of 0.2 between the curves. The dotted, dashed lines on each panel indicate the start
and end of electron injection, respectively.
– 18 –
process, the acceleration rate for a particle of energy γ in a magnetic field B(z) is given by
dγ
dz
=
ηeB(z)c
mec2
1
cβΓΓ
, (31)
where e is the charged charge of an electron and η is a parameter that characterizes the
acceleration efficiency in a dissipation region. Generally, one should solve the non-linear
equation of particle energy equilibrium in order to obtain the maximum energy of
electrons γmax(z) that is a function of the height of the jet z.
Through considering the balance of the acceleration rate and all cooling rates, we
can obtain the maximum energy of accelerated electrons. As a demonstration, we show
in Figure 2 acceleration and cooling rates at the height of the jet z = 1 × 1011 cm (panel a)
and 5 × 1012 cm (panel b). The model free parameters η = 0.005 and B′0 = 1 × 102 G are
used in this figure. The maximum energies γmax = 8.32 × 105 (for panel a) and 2.51 × 106
(for panel b) of relativistic electrons can be derived from the intersection of the thick
and thin solid lines. Close to the base of the jet, the existence of a strong magnetic field
is responsible for an efficient synchrotron emission loss. At larger distance from the
black hole (close to the binary system scale), the synchrotron emission loss decreases due
to decreasing magnetic field intensity, where the inverse Compton scattering from the
stellar companion dominates energy loss of electrons. It is should note that, at the binary
system scales, the synchrotron emission loss is still important provided that a more higher
magnetic field strength is set at the base of the jet. When reaching very large distance
(close to the termination of the jet), the adiabatic loss is a dominant cooling mechanism.
Adopting the same method, we can obtain the maximum energy of accelerated electrons.
In the case, the maximum energy is very high and over expected limits, which has no
physical meaning. Therefore, we have to assume that the acceleration process is impeded
at a certain height of the jet, in which a possible maximum energy (γmax ∼ 107) can be
obtained and the injection of primary electrons is also stopped.
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3.2. Electron Spectral Evolution
To investigate evolution properties of relativistic electrons, we fix a zone between
z0 = 1.0 × 1011 cm and zmax = 1.0 × 1013 cm in the jet, in which evolution spectra of the
relativistic electrons for Cygnus X–1 are presented in Figure 3. Throughout the paper,
two parameters qjet = 0.1 and M˙acc = 10−9M⊙ yr−1 are fixed. The magnetic field strength
at the height z0 in the jet frame is assumed to be B
′
0 = 1 × 102 G, and the acceleration
efficiency to be η = 0.005. The electron-related parameters are: the minimum energy of
γmin = 1 and its spectral index of p = 1.5, the conversion efficiency of the jet matter of
qrel = 0.01. Electron spectra are presented for various scenarios explored in a logarithmic
step of 0.2 between the curves.
In panel (a) of Figure 3, we consider a case of the time evolution of relativistic
electrons, in which the injection of electrons is stopped at the height zinmax = 5 × 1012 cm,
corresponding to the maximum Lorentz factor of 2.51× 106. The various radiative cooling
mechanisms involved in this work are included in this panel. At the beginning of the
injection of electrons, the number of relativistic electrons increases with the height of the
jet. In the later stages of evolution, i.e, reaching the distance of the orbital radius, electron
spectra present some shallow troughs as a result of competition between synchrotron
emission cooling and dominant inverse Compton scattering loss in the Klein-Nishina
regime from the stellar companion. After stopping the injection of electron, electron
spectra at high energy bands decay rapidly, whereas the number of the low energy
electron (γ < 103) reaches saturation and then decreases slightly. The main reason
is that the low energy electron population injected have a relativistically inefficiently
radiative cooling process, whereas high energy electrons injected can efficiently cool by
the radiative processes mentioned. Below, we are to explore the time evolution behavior
of electron spectra for some important cooling components.
– 20 –
The influence of synchrotron and its self Compton scattering cooling regarding
electron spectra is studied in panel (b). We see that the number of high energy electrons
increases continuously with the peak frequency at γ ∼ 106, more rapidly than other
situations (see panels a, c and d), until the height where electron injection is stopped.
After the injection of electrons is stopped, electron spectra decrease with increasing
height as a result of without any injection of fresh electrons. In particular, these spectra
decay very rapidly at high energy tail (γ > 106) due to the dominant synchrotron loss,
while spectra at low energy bands reach saturation and then decrease slowly due to
inefficient cooling process for low energy electrons. In panel (c), we present the case of
considering external inverse Compton scatterings, i.e., stellar companion and accretion
disk. As shown in this panel, the number of relativistic electrons, with a high energy
cut-off spectrum at γ > 106, increases with increasing height, appearing some troughs
at high energy bands as a result of the radiative losses in the Klein-Nishina regime.
Similarly, the spectra at the high energy bands decrease fast when electrons stop injecting.
We study the influence of processes of electron injection on its spectra in panel (d). In this
case, relativistic electrons are injected consistently through the considered whole zone
along the jet. The number of relativistic electrons constantly increases with increasing
height, as shown in this panel.
Except for the effects of radiative coolings regarding electron spectra, we will discuss
briefly the influence of adiabatic and escape losses and electron spectral index on its
spectra. The adiabatic loss is important for the cooling of low energy electrons (see also
Figure 2). Furthermore, these low energy electrons can also escape the emission region
due to having a much longer radiative cooling timescale. When taking a soft electron
spectral index into account, relativistic electrons have a strong cooling process. Spectra
at high energy bands present a power-law plus an exponential high energy cut off.
Meanwhile, the cooling of the low energy electron population is also more efficient.
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Fig. 4.— Spectral energy distributions of photons at different heights of the jet. A
logarithmic step of 0.2 is used between the plotted curves. The adopted parameters
are z0 = 1.0 × 1011 cm, zinmax = 5.0 × 1012 cm, zmax = 1.0 × 1013 cm, B′0 = 3 × 102 G,
γmin = 1, η = 0.005, p = 1.5 and qrel = 0.01. Panel (a) incudes synchrotron emission and
its Comptonization. Synchrotron emission, SSC and external inverse Compton scattering
processes of the stellar companion and accretion disk are involved in panel (b). Thedotted,
dashed lines on two panels indicate start and termination locations of the emission region.
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3.3. Photon Spectra
We turn now to investigate the properties of photon spectra from Cygnus X–1. The
sum of each individual spectrum at different heights of the jet are responsible for the
average emission spectra observed (see also Equation 26). Each spectrum produced at a
different distance of the emission region are presented in Figure 4. In order to highlight
main aspects, we do not include an absorption effect of γ-γ interactions and cascade
processes in this figure. The used parameters are similar to those of panel (a) of Figure
3. Step between the plotted spectra is a logarithmic step of 0.2. The dotted, dashed lines
indicates spectra at the start and end locations of the emission region.
As shown in Figure 4, synchrotron self absorption is very evident at the base
region of the jet and then this effect gradually weakens with increasing height of the jet.
Spectral energy distributions shown in panel (a) involve synchrotron emission and its
Comptonization. The first of two peak frequencies at low energy bands, having strong
emission fluxes, is from the synchrotron emission, and the other peak from the SSC
process. With increasing heights of the jet, these peaks shift toward lower energy bands
and emission fluxes also reduce. In particular, the shift of the first peak is very obvious
due to the decreasing of magnetic field strength. The spectra in panel (b) include various
radiative processes such as synchrotron emission, SSC and external inverse Compton
scattering processes from the stellar companion and accretion disk. At the beginning of
electron injections, the spectra appear also two peak frequencies at about 1020 Hz and
1026 Hz, respectively. The first is due to synchrotron emission of relativistic electrons,
and the second external inverse Compton scattering of these electrons off photons of the
star (dominated) and accretion disk. From this panel, we see that the second peak (at
about 1026 Hz) firstly almost changes, and then decreases owing to decreasing the photon
density of the companion. Furthermore, the first peak decreases constantly and then
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disappears as a result of the superposition of a weak synchrotron emission and a strong
inverse Compton scattering. Finally, a third low flux peak at about 1013 Hz appears; this
is because both emission intensities are inverted. These individual spectra at different
heights will contribute to the total photon spectra by summing them.
By analyzing individual photon spectral distributions at different heights of the jet,
we can know that radio emissions come mainly from the outer part of the emission
region. Nevertheless, the peaks of synchrotron emission and inverse Compton scattering
are from the base region of the emission region. The exponential cutoff part (over the
peak frequency) of the total synchrotron spectra originates from the innermost part of
the emission region. According to the fitting to observations, one can infer the location
which different band observations are produced at.
3.4. Absorption Process
In the high mass microquasar Cygnus X–1, the photon field of its stellar companion
has an important impacts regarding radiation properties of the system. The optical depth
of γ-γ interactions as the functions of energy, height and phase angle are presented in
Figure 5. The orbital phases are defined to be φ = 0 at the superior conjunction, and π at
the inferior conjunction.
At the superior conjunction, panel (a) shows optical depth as a function of energy for
different heights of the jet, i.e, 0.03d, 0.15d, 0.30d, 1.00d and 1.25d. We see that the optical
depth τ, which is about 4.8 at frequency about 1026 Hz for z0 = 0.03d, reduces to τ < 1 for
1.25d. Panel (b) presents τ as a function of height for different energies. We find that τ
always decreases with increasing z. This is due to the fact that the photon field density of
the stellar companion is proportional to ∝ 1/z2, i.e., decaying with increasing height of
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the jet. In panel (c), we plot the optical depth as a function of orbital phase at the height
z = 0.1d for different frequencies. The maximum of the optical depth appears at the
superior conjunction, and the minimum at the inferior conjunction. The pair production
of absorption interactions further promote electromagnetic cascades.
4. Fitting Results
In this section, we will employ our model to fit broadband observations ranging
from radio to very high energy γ-ray bands. We want to know which mechanism is
responsible for radiation production at each band and where radiation are generated
at. Therefore, we plan to carry out several possible fittings to constrain the origin of
emissions. In the following fittings, the emission contribution of the first generation
pairs produced in γ-γ interaction processes is included. The related mechanisms are
synchrotron emission and inverse Compton scattering of the stellar companion.
Before presenting the fitting results, we briefly describe the fitting methods used
in this work. The start location of emission region is first located. Then the magnetic
field and acceleration rate are once set, we can determine an end location of electron
injection by observing whether the upper limits of the maximum energy of electrons
reach γmax ∼ 107 at what height of the jet. Furthermore, we can adjust the electron
spectral index, its minimum energy and the termination of the emission region to observe
the spectral shapes at radio and TeV bands by comparing to obervations. If the emission
fluxes at TeV bands by the inverse Compton scattering is too high, we have to reset a
higher magnetic field and repeat above steps to suppress the fluxes at TeV bands, and
vice versa. The conversion efficiency of relativistic electrons qrel is independent parameter
and only affects the order of magnitude of total emission fluxes.
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In Figure 6, we present spectral energy distributions of Cygnus X–1 by comparing
with observations. The fitting parameters are listed in Table 1 for Case A (left panel) and
Case B (right panel). The plotted observational data and the upper limits from Fermi
LAT and MAGIC telescopes are described in the caption of this figure. Observational
results plotted on the all figures hold the same meaning (see also Figure 7). Furthermore,
we adopt the same display ranges for the horizontal and vertical coordinates in order
to facilitate comparison. In the left panel of Figure 6, the location of electron injection is
located at 0.01d, which is more smaller than the scale of the binary system d. However,
in order to exclude the effects of a heavy absorption from stellar companion photons, the
location of electron injection is located at d for the right panel.
As shown in Figure 6, radio emissions are from synchrotron emission and IR emission
fluxes can be fitted with blackbody spectrum of the stellar companion. X-ray observations
are fitted by using the approximated expressions given in Zdziarski, Malzac & Bednarek
(2009), which are updated by Zdziarski et al. (2014a) according to the latest parameters
of the system. The inverse Compton scattering from the stellar companion can emit high
energy and very high energy emissions, which can reproduce the observational data
from Fermi LAT and the upper limits constrained by Fermi LAT and MAGIC telescopes.
The inverse Compton scattering of the accretion disk is negligible; it is not plotted in
this figure (include also Figure 7). We see a strong γ-γ absorption effect in the left panel,
because of the initial location of emission region being located within the binary system,
in which there is a stronger photon field from the companion. Due to setting a stronger
magnetic field at the base of the jet, i.e., synchrotron emission dominating radiation,
which suppresses electromagnetic cascade processes. As shown in the short dotted line,
cascade effects cannot contribute significant emissions to the total output spectra. Even
though a weak magnetic field is set in the right panel, absorption effects due to pair
production is relatively modest; thus, cascade processes have no effects to the total output
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Table 1. Fitting parameters for the emission spectra of Cygnus X–1.
Case z0(cm) zinmax(cm) zmax(cm) qrel B
′
0(G) p γmin η
A 3.2 × 1010 1.0 × 1014 1.0 × 1015 0.06 3.0 × 104 1.5 1 0.01
B 3.2 × 1012 9.0 × 1013 1.0 × 1015 0.2 2.0 × 102 1.6 1 0.01
C 3.2 × 1010 3.2 × 1015 9.0 × 1015 0.09 2.9 × 104 1.5 1 0.01
D 3.2 × 1010 2.0 × 1014 1.0 × 1015 0.02 1.0 × 105 1.3 300 0.01
aSymbol indicating: z0: initial height of electron injection, zinmax: end location
of electron injection, zmax: termination location of emission region, d: orbital
radius of system, B′0: magnetic field strength, p: spectral index of electron,
qrel: conversion efficiency, γmin: minimum energy of electron, η: acceleration
efficiency.
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spectra.
The left panel of Figure 7 presents a possible scenario that emissions at Fermi LAT
bands are produced by synchrotron emission. The fitting parameters are listed in Table
1 for Case C. In this regards, a slightly weak magnetic field is used comparing to the
model Case A, but we have to extend electron injection heights and the termination of
the emission region to more larger distances. We see that emissions of high energy pairs
cannot be ignored completely in this fitting. In the above two cases, soft γ-ray (MeV tail)
data from COMPTEL campaign is not fitted.
The polarization studies of soft γ-ray emissions demonstrate that the strongly
polarized signals have been observed at the 0.4 - 2 MeV band by Laurent et al. (2011),
later confirmed by Jourdain et al. (2012), which are claimed that the MeV tail emission
is probably related to the optically thin synchrotron emission of high energy electrons
in the jet (Laurent et al. 2011; Jourdain et al. 2012). From the theoretical point of view,
there are some works to fit the MeV tail data by using the jet model (Zdziarski et al.
2012; Malyshev, Zdziarski & Chernyakova 2013; Zdziarski et al. 2014b). In particular,
Russell & Shahbaz (2014) claimed that the highly polarized MeV photons originate in a
limb-brightened zone, at the base of the jet, with an aligned magnetic field. Very recently,
Romero, Vieyro & Chaty (2014) however argued that the highly polarized of the MeV
tail is resulted from emissions of a corona (see also Del Santo et al. 2013), without need
for a jet model. Alternatively, a hot accretion flow model could also reproduce the MeV
tail emission flux by synchrotron emission processes (Veledina, Poutanen & Vurm 2013).
Below, we will fit the MeV tail data by using our jet model.
The fitting results for the MeV tail data are plotted in the right panel of Figure
7. The fitting parameters are listed in Table 1 for Case D. In order to reproduce the
MeV tail observations, we need a high value of magnetic field and a harder electron
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spectral index 1.3. The low energy cutoff of electron spectra are required under the
limit of radio data, which are set as γmin = 300. Spectra of synchrotron emission and
inverse Compton scattering from the stellar companion can match observations at GeV
bands. Synchrotron emission fluxes can account for the MeV tail observations, which
are implied by the strongly linearly polarized measurements, but the resulting spectra
cannot simultaneously fit radio data. As shown in this panel, the Compton scattering
of the stellar companion dominates emissions at very high energy bands, and SSC and
cascade emissions are negligible.
From above four fittings to the microquasar Cygnus X–1, we know that radio
observations are from synchrotron emission, optical, X-ray emissions from companion
star and accretion disk, the GeV band emissions from the contributions of synchrotron
emission and inverse Compton scattering of the companion, and emission fluxes at the
TeV bands from inverse Compton scattering of the companion. TheMeV tail observations
can be reproduced by the synchrotron emission of high energy electrons provided that a
high magnetic field are adopted in the model, but not simultaneously explaining radio
observations.
Based on the fitting results, we know that radio emission initially takes place at the
binary system scale or within it and then extend to about height 1015 − 1016cm. This is in
agreement with the investigations that the large orbital modulation is observed at the
radio bands (Zdziarski 2012), which implies that radio emission should be emitted close
to the binary system scale, and the radio structure seen by Very Large Array extends up
to z ∼ 1015 cm (Stirling et al. 2001). Owing to only having a few observational data at GeV
bands and the upper limits from Fermi LAT, it is difficult to, in this stage, firmly constrain
an origin of emissions. Namely, whether these emissions are produced by synchrotron
(tail) or inverse Compton scattering processes or both them. Whether they are emitted
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inside an orbital radius scale or outside it. A conservative inference is that the GeV band
emissions should originate from the distance close to the scale of binary system, and both
synchrotron and inverse Compton scattering of the stellar companion can contribute to
emission outputs.
If the TeV band emissions are produced outside the binary system scale as shown
in the right panel of Figure 6, the current telescope MAGIC or HESS should be able to
clearly detect emission signal. Although many projects about TeV band observations
have been carried out, one only obtains the upper limits from MAGIC telescope to date.
We infer that emissions at TeV bands may suffer from γ-γ absorptions from the photon
field of the stellar companion, and emissions at TeV bands of electromagnetic cascades
are suppressed due to existence of a strong magnetic field, which is needed to explain
radio observations, as shown in the left panel of Figure 6. Therefore, the initial height the
TeV emissions are produced at, should be located within the binary system. The MeV tail
emissions, producing a strong polarization signal, can be also reproduced in the model
of the jet, and they should originate inside the binary system and very close to the inner
region of the jet. In this case, due to the fact that the radio data cannot be simultaneously
fitted, relativistic electrons producing MeV tail emission may be different from electrons
that produce radio fluxes.
5. Conclusion and Discussions
In this work, by analogy with methods used in studies of active galactic nuclei
(Moderski, Sikora & Błaz˙ejowski 2003), we have developed a two-dimensional, time-
dependent numerical radiation model for the microquasar Cygnus X–1. By numerically
solving the evolution equation for relativistic electrons, we studied spectral energy
distributions of evolution electrons, taking various cooling processes into account, such
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as escape, adiabatic and all kinds of radiative losses. In the case of the radiative losses,
we considered the synchrotron emission and its Compton scattering, external inverse
Compton scattering from an accretion disk and its surrounding stellar companion. The
spectral energy distributions produced at different heights of the jet are calculated, and
the averaged total photon spectra are due to contributions of these individual spectra.
Meanwhile, the model includes anisotropic γ-γ absorption processes as a result of the
effect of the companion photons. Furthermore, the electromagnetic cascade processes are
also involved in this model.
We find that synchrotron emissions can account for the radio observations. The
region of radio emission extends from the binary system scale or within this scale to
the height about z ∼ 1015 cm. The Fermi LAT measurements are interpreted by the
synchrotron emission and inverse Compton scattering of the companion photons. A
conservative inference is that the GeV band emission should originate in the distance
very close to the binary system scale. The TeV band emissions are from inverse Compton
scattering processes of photons of the star; these emissions being produced within the
binary system scale have suffered from an anisotropic γ-γ absorption of the stellar
photons. Furthermore, we find that emissions of positron-electron pairs are not likely to
affect radiation properties of this system. But the total emission outputs could be probed
by the upcoming CTA telescope. When a stronger magnetic field is used at the base of
the jet, the MeV tail observation can be reproduced in our jet model by the synchrotron
emission of relativistic electrons, corresponding to the emission region being located
inside the binary system.
Some issues are still open, such as what fraction of the bulk kinetic energy dissipated
is used to accelerate electrons, what minimum energy can an electron be effectively
accelerated, what is spectral index of the accelerated electron, and what maximum
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energy can an electron obtain. In the current work, we used a standard first order
Fermi acceleration mechanism to constrain maximum energy of accelerated electrons.
However, magnetic reconnection process or an acceleration process of the re-collimated
shock produced by interactions between a jet and a stellar wind may take place. To fit
multi-band observations, we have to use a strong magnetic field strength at the base of
the jet for various fitting scenarios. These values do not allow efficient electromagnetic
cascades to develop. If a low enough magnetic field is used, which allows efficient
electromagnetic cascade to develop, secondary pairs will produce intense radiations at
the GeV bands by synchrotron emission, and at TeV bands by inverse Compton scattering
of the stellar companion.
In Cygnus X-1, evidence of detection above 100 GeV of 4.1σ significance has only
been reported once right before the superior conjunction (Albert et al. 2007). These TeV
signals are around the superior conjunction of the compact object. Hence, we use the
average orbital radius d to calculate emission fluxes at the superior conjunction, where
the absorption effect is most strong, without considering orbital modulation effects
on photon spectra. Although our model are firstly developed to match the scenario
in the microquasar Cygnus X–1, this model is applicable to study other microquasars
provided that some corresponding modifications are conducted. This is left for future
investigations.
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Fig. 5.— The optical depth of γ-γ interactions as the functions of photon energy (panel
a), height of the jet (panel b) and orbital phase of the system. In panel (a), d is the orbital
radius of the system.
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Fig. 6.— Broadband spectral energy distributions of Cygnus X–1. The parameters used in
the left (right) panel are listed in Table 1 for Case A (Case B). The plotted observations are:
radio data from Fender et al. (2000), IR fluxes from Persi et al. (1980) and Mirabel et al.
(1996), hard X-ray points above 5 × 1018 Hz (by INTEGRAL) from Zdziarski et al. (2012),
soft X-ray points below 5 × 1018 Hz (by BeppoSAX) from Di Salvo et al. (2001) (Absorp-
tion effect has been considered by an intervening medium.), soft γ-ray data points (by
COMPTEL) from McConnell et al. (2002), the Fermi LAT measurements and upper limits
from Malyshev, Zdziarski & Chernyakova (2013) and the upper limits of MAGIC from
Albert et al. (2007). The total energy spectra (thick solid line) include the first generation
of electromagnetic cascade effects of γ-γ interactions.
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Fig. 7.— Fitting the emission spectra of Cygnus X–1. The parameters adopted in the left
(right) panel are listed in Table 1 for Case C (Case D). Observations plotted are the same
as those of Figure 6. The total energy spectral distributions (thick solid line) include the
first generation of electromagnetic cascades of γ-γ interactions.
– 35 –
REFERENCES
Aharonian, F. A.,& Atoyan, A. M. 1981, Ap&SS, 79, 321
Albert, J., et al. 2007, ApJ, 665, L51
Bednarek, W. 2013, Aph, 4, 81
Belloni, T. M. 2010, in Belloni T., ed., The Jet Paradigm C From Microquasars to Quasars.
Springer-Verlag, Berlin, p. 53
Bosch-Ramon, V., Romero, G. E.,& Paredes, J. M. 2006, A&A, 447, 263
Bosch-Ramon, V.,& Khangulyan, D. 2009, IJMPD, 18, 347
Bo¨ttcher, M.,& Dermer, C. D. 2005, ApJ, 634, L81
Cerutti, B., Dubus G., Malzac J., Szostek, A., Belmont, R., Zdziarski, A. A.,& Henri, G.
2011, A&A, 529, 120
Chiaberge, M.,& Ghisellini, G. 1999, MNRAS, 306, 551
Crusius, A, & Schlicheiser, R. 1986, A&A, 164, 16
Del Santo, M., Malzac, J., Belmont, R., Bouchet, L.,& De Cesare,G. 2013, MNRAS, 430, 209
Dı´az Trigo, M., Miller-Jones, J. C. A., Migliari, S., Broderick, J. W.,& Tzioumis, T. 2013,
Nature, 504, 260
Di Salvo, T., Done, C., BZycki, P. T., Burderi, L.,& Robba, N. R. 2001, ApJ, 547, 1024
Dubus, G. 2006, A&A, 451, 9
Dubus, G. 2013, A&ARv, 451, 9
– 36 –
Fender, R. P., Pooley, G. G., Durouchoux, P., Tilanus, R. P. J.,& Brocksopp, C. 2000,
MNRAS, 312, 853
Jourdain, E., Roques J. P., Chauvin, M.,& Clark, D. J. 2012, ApJ, 761, 21
Laurent, P., Rodriguez, J.,Wilms, J., Cadolle Bel, M., Pottschmidt, K.,& Grinberg,V. 2011,
Sci, 332, 438
Malyshev, D., Zdziarski, A. A.,& Chernyakova, M. 2013, MNRAS, 434, 2380
Malzac, J. 2013, MNRAS, 429, L20
McConnell, M. L., et al. 2002, ApJ, 572, 984
Migliari, S., Fender, R.,& Me´ndez, M. 2002, Sci, 297, 1673
Mirabel, I. F., Claret, A., Cesarsky, C. J., Boulade, O.,& Cesarsky, D. A. 1996, A&A, 315,
L113
Mirabel, I. F.,& Rodrı´guez, L. F. 1999, ARA&A, 37, 409
Moderski, R., Sikora, M.,& Błaz˙ejowski, M. 2003, A&A, 406, 855
Moderski, R., Sikora, M., Coppi, P. S.,& Aharonian, F. 2005, MNRAS, 363, 954
Neilsen, J., et al. 2014, ApJ, 784, 5
Pe’er A.,& Casella P. 2009, ApJ, 699, 1919
Persi, P., Ferrari-Toniolo, M., Grasdalen, G. L.,& Spada, G. 1980, A&A, 92, 238
Press, W. H., Teukolsky, S. A., Vetterling, W. T.,& Flannery, B. P. 2007, Numerical Recipes
in C++ (Cambridge University Press)
– 37 –
Reid, M. J., McClintock, J. E., Narayan, R., GouL.,Remillard, R. A.,& Orosz, J. A. 2011,
ApJ, 742, 83
Remillard, R. A.,& McClintock, J. E. 2006, ARA&A, 44, 49
Shakura, N. I.,& Sunyaev, R. A. 1973, A&A, 24, 337
Stirling, A. M., Spencer, R. E., de la Force, C. J., Garrett, M. A., Fender, R. P.,& Ogley, R. N.
2001, MNRAS, 327, 1273
Romero, G. E., Torres, D. F., Kaufman Bernado´, M. M.,& Mirabel, I. F. 2003, A&A, 410, 1
Romero, G. E.,& Vila, G. S. 2008, A&A, 485, 623
Romero, G. E., Vieyro, F. L.,& Chaty, S. 2014, A&A 562, 7
Russell, D. M.,& Shahbaz, T. 2014, MNRAS, 438, 2083
Veledina, A., Poutanen, J.,& Vurm, I. 2013, MNRAS, 430, 3196
Zdziarski, A. A., Malzac, J.,& Bednarek, W. 2009, MNRAS, 394, 41
Zdziarski, A. A., Lubin´ski, P.,& Sikora, M. 2012, MNRAS, 423, 663
Zdziarski, A. A. 2012, MNRAS, 422, 1750
Zdziarski, A. A., Stawarz, Ł., Patryk, P.,& Marek, S. 2014a, MNRAS, 440, 2238
Zdziarski, A. A., Patryk, P., Marek, S. &Stawarz, Ł., 2014b, MNRAS, submitted
Zhang, J. F., Zhang, L.,& Fang, J. 2009, PASJ, 61, 949
Zhang, J. F., Feng, Y. G., Lei, M. C., Tang, Y. Y.,& Tian, Y. P. 2010, MNRAS, 404, 2468
Zhang, J. F.,& Feng, Y. G. 2011, MNRAS, 410, 978
– 38 –
Zhang, J. F.,& Xie F. G. 2013, MNRAS, 435, 1165
Zio´łkowski, J. 2014, MNRAS, 440, 61
This manuscript was prepared with the AAS LATEX macros v5.2.
